Tactile sensing plays a key role in our interaction with the world around us. We constantly need to assess the nature of the objects we are in contact with in order to go about our daily lives. Thus far, it has been shown that many manipulative and perceptual tasks are performed on the basis of gross shape[@b1][@b2] of frictional properties[@b3] and of surface topography[@b4][@b5]. Tactile mechanics provide cues about the physical properties of touched objects, including their shape[@b6], their softness[@b7] or their friction[@b8]. Therefore, objects made of different materials but having similar shapes, frictional properties, and surface topography represent a challenge for the sense of touch. Under these conditions, objects are generally assumed to be discriminated on the basis of their mass properties or thermal properties[@b9][@b10]. To our knowledge, however, it was never suggested that differences in the materials we touch could be detected on the basis of molecular-level properties.

Water is almost universally present in our environment. With rare exceptions, all surrounding objects are naturally coated with water and water represents approximately 60% of the mass of our bodies. Water has specific molecular-level bonding properties, which manifest themselves by the hydrophobic or hydrophilic character of materials. For example, the dew on grass leaves owes its existence to the hydrophobicity of the leaves. The skin's *stratum corneum*, which covers our fingers, is mainly hydrophobic but also exhibits permeation properties[@b11] and moisture endows it with peculiar frictional properties that influence its contact mechanics with surfaces[@b12].

Most previously studied surface-related tactile perceptual tasks rely on sliding fingers on surfaces because discrimination performance is dramatically improved during dynamic exploration[@b13]. The primary reason for this enhanced performance is that the mechanical fluctuations induced by sliding bring rich information about the underlying topography of a surface compared to the minute skin deformations induced by static contacts. As shown later, in the limit case of perfectly flat surfaces, complex mechanical fluctuations still take place for a large range of loads and sliding velocities. These fluctuations take place during sliding as well as during the transitory phases between sticking and slipping.

Recent studies have shown that the transition from static to dynamic finger-glass contacts can lead to surprisingly complicated dynamics where contacts can fail progressively or catastrophically under load[@b14][@b15][@b16] owing to the nonlinear nature of friction and skin biomechanics. Here, we hypothesized that this dynamics could enable humans to discriminate between surfaces that are identical in all their physical aspects, except their molecular structure.

We tested this hypothesis in two experiments where we asked human participants to discriminate between flat surfaces made of glass or made of polymethyl methacrylate (PMMA) (see [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The samples were thermally equalised through bonding to aluminium blocks acting as heat sinks. We established in experiment 1 that discrimination between the two materials was possible. In experiment 2, we reproduced the task and recorded the contact forces with exacting accuracy together with the psychophysical performance of the participants. The two experiments differed also in the thermal conditions. In experiment 1, the temperature of the samples was kept constant at a value near the natural fingertip temperature. In experiment 2, the samples were at room temperature.

Results
=======

Experiment 1
------------

Three samples were placed in a single row in front of the participants. Of the three samples, one was always different from the other two. Participants could explore the samples freely as many times as they wanted before reporting which was different from the other two. The samples were kept at a constant temperature similar to the average temperature of the skin (33.4 ± 0.9 °C; mean ± s.d.). Performance at the task was significantly better than chance level (one sample t-test: t(11) = 5.41, p = 0.0002, 95% CI \[13.66, 32.38 \]). ([Fig. 1a](#f1){ref-type="fig"}). The results also suggested that participants were better at identifying the PMMA plate among two glass plates as compared to identifying the glass plate among two PMMA plates. We could rule out this bias to be the result of unseen imperfections in their surface because the answers were consistent across the plates and showed no bias towards a specific plate ([Supplementary Fig. 2](#S1){ref-type="supplementary-material"}).

Experiment 2
------------

The samples were placed in one single column in front of the participant. They were kept at room temperature (23.5 ± 1.5 °C; mean ± s.d.). The participant's hand was guided by the experimenter to the starting point of each exploration to ensure that the samples were explored from the most distal to the most proximal. The participants' movements were constrained in order to allow the collection of mechanical data. Each individual sample was explored from left to right in a single swipe. Participants could repeat the exploration up to five times per trial before reporting a judgment. Despite these constraints, performance was also highly significant (one sample t-test: t(11) = 4.16, p = 0.0016, 95% CI \[6.836, 22.17\]). ([Fig. 1b](#f1){ref-type="fig"}) and there was no significant drop of performance difference between Experiment 1 and 2 (unpaired t-test: t(22) = 1.549, p = 0.136, 95% CI \[−19.92, 2.883 \]). The possibility that detection was mediated by an imperfection of plate surface was also assessed ([Supplementary Fig. 3](#S1){ref-type="supplementary-material"}) but the answers showed no bias towards a specific plate.

We specifically tested for the possibility that discrimination relied on thermal cues. To this end, in the two experiments and for each participant we recorded the mean temperature difference between the fingertip and the sample. If there was a substantial possibility for thermal cueing, discrimination performance could be expected to be dependent on the amount of thermal difference between the fingertip and the plates. The Pearson's correlation coefficient between the temperature differences and the individual performances showed non-significant trends corresponding to a slight anti-correlation in experiment 1 (n = 12, R = −0.30, p = 0.33) in which the samples were warmer and a slight correlation in experiment 2 (n = 10, R = 0.62, p = 0.06) in which the samples were colder. Since the distribution of temperature differences was similar in the two experiments (unpaired t-test: t(20) = 1.386, p = 0.18, 95% CI\[−0.6722, 3.336\]), we computed the overall Pearson's correlation coefficient between the temperature differences and the individual performances, and no correlation was found (n = 22, R = −0.09 and p = 0.70) ([Fig. 1c](#f1){ref-type="fig"}). These opposite trends for the two experiments rather suggested an effect of the absolute temperature of the fingertip and indeed, higher finger temperature significantly correlated with a better capacity to discriminate the materials (Pearson' correlation for n = 22, R = 0.47 and p = 0.026). This result was in accordance with previous studies indicating lower mechanical detection thresholds when the fingers are warm[@b17][@b18]. These results are therefore consistent with a discrimination strategy based on mechanical cues, rather than with a strategy based on thermal cues.

The moisture level of the fingertips was also monitored. We found the moisture level to be strongly anti-correlated with individual performance in experiment 1 (Pearson's correlation for n = 12, R = −0.90, p \< 0.0001) as well as in experiment 2 (Pearson's correlation for n = 12, R = −0.63, p = 0.028). Since the distributions were similar (unpaired t-test: t(22) = 0.1875, p = 0.85, 95% CI\[−12.75, 15.29\]), we tested the correlation between moisture level and performance across the two experiments. The correlation was robust (Pearson's correlation for n = 24, R = −0.79, p \< 0.0001) ([Fig. 1d](#f1){ref-type="fig"}). The strong influence of fingertip moisture on performance discrimination motivated us to investigate further the connection between the perceptual performance and the underlying contact mechanics.

We first verified that, during non-constrained exploration, the behavioural parameters (speed of exploration, normal force applied) did not correlate with individual performance (see [Supplementary Fig. 4](#S1){ref-type="supplementary-material"}). We then segmented each swipe into three epochs: a loading phase during which the finger contact is stuck, a partial slip phase during which the outer part of the contact area starts slipping[@b14] and a full slip phase during which the contact area is fully sliding ([Fig. 2a](#f2){ref-type="fig"} and materials and methods). The aim of this segmentation was to determine which epoch provided the greatest differentiation between the materials being touched.

We computed the dynamic coefficient of friction for the two materials defined as the ratio of the magnitude of tangential and normal forces generated by the interaction during full slip for all trials ([Fig. 2b](#f2){ref-type="fig"}). The values of the coefficient of friction varied across participants with a mean value of 1.13 ± 0.13 (mean ± s.d.) but a Mann-Whitney test with a Bonferroni correction did not show significant intra-individual differences related to the materials: nine participants had p-values \> 0.05 and one participant, whose performance was average (42,9% of correct answers) had a p-value = 0.042. The coefficients of friction between the two materials were significantly anti-correlated with individual performance (Pearson's correlation for n = 10, R = −0.67, p = 0.036): discrimination performance was, on average, better when the difference in coefficient of friction was small. This indicates that discrimination did not rely on differences in the average dynamic coefficient of friction during full slip, but does suggest a possible role of frictional dynamics during other phases of the exploration. We thus analysed the spectral characteristics of the forces during the different phases of the sliding. For this purpose, the signals were analysed in the spatial domain such as to characterize the fine fluctuations of force independently of the net slip velocity[@b19][@b20]. As typically is the case, the spatial frequency amplitude spectrum followed a power law relationship[@b21], *T* = βη^α^, where β is a magnitude factor and α quantifies the decay of amplitude with frequency ([Fig. 3a](#f3){ref-type="fig"}).

The spectra were averaged within participants for all trials and the magnitudes and decays were estimated. For each of the three epochs, the spectrum in the range 10^−1^−10 mm^−1^ was compared between glass and PMMA. There was no significant difference in spectral decay between the materials but the magnitudes differed (Δlogβ, [Fig. 3b--d](#f3){ref-type="fig"}). Discrimination performance was strongly correlated with \|Δlogβ\| during partial slip (Pearson's correlation for n = 10, R = 0.83, p = 0.003) and moderately during the loading phase (Pearson's correlation for n = 10, R = 0.70, p = 0.023). On the other hand, correlation was very weak during fully developed slip (Pearson's correlation for n = 10, R = 0.007, p = 0.99). These correlations between the transient frictional dynamics observed during the early stages of a swipe and individual performance suggest that, during these stages, frictional dynamics of the interactions between the fingertip and the two materials differed, and that this difference enabled the participants to discriminate the two materials.

Discussion
==========

Performance within our sample of participants was significantly above the chance level in the two experiments, showing that tactile discrimination between two flat materials is possible even in the absence of thermal and surface topography differences. If flat surfaces could be distinguished on the sole basis of frictional cues, then differences must have arisen from molecular-scale properties influencing the interfacial contact of the skin-material pair, in turn influencing its frictional dynamics. The moisture content of the fingers strongly correlated with performance across the study, suggesting that the interaction of water either with the skin tissue or with the skin-material interface played an important role in the tactile discrimination of these two flat surfaces.

During steady sliding, there was no measurable difference in contact mechanics (coefficient of friction, spectral properties of force fluctuations) between the two materials. In contrast, there were significant differences in the magnitude of the interfacial force variations during the partial slip phase corresponding to a progressively failing contact. The partial slip phase comprises a mix of adhesion and slip where, typically, an annulus of failure grows from the periphery of the contact region to eventually invade the whole contact[@b14] (see also [Supplementary Movie 1](#S1){ref-type="supplementary-material"}). The present measurements corroborated the earlier observation that partial slip tends to last from 100 ms to 300 ms in finger-glass contacts[@b15]. During this period, the contact evolution can sometimes take the form of a catastrophic failure once a critical load is reached. This finding suggests that the evolution of the contact state, owing to the nonlinearity of friction, can be critically sensitive to small changes in the frictional behaviour of the skin-surface interface.

The observed macroscopic effects must take their roots in smaller-scale physics. The moisture level of the fingertip was already shown to dramatically affect the time course of contact failure under load and thus could explain the performance dependency that we observed between fingertip moisture and discrimination performance[@b14]. The surfaces that we employed in the present study differed by their hydrophobicity. Ordinary uncoated glass has a hydrophilic, amorphous solid atomic structure and PMMA is a hydrophobic transparent polymer. The other material of the contact pair, the skin *stratum corneum*, is mostly made of keratin, a natural glassy polymer with strong affinity with water. As reviewed recently[@b22][@b23], water plasticizes the *stratum corneum* and reduces its elasticity leading to combined adhesion mechanisms. A first mechanism is associated with capillary forces at small normal loads and short time scales[@b24], a second is due to plasticization for longer time scales[@b25], and others to molecular interactions. The difference in material hydrophobicity is likely to affect these phenomena differentially and their relative contributions could impact the evolution of the stick-to-slip dynamics. At onset, the finger would tend to stick more on glass than on plastic owing to a stronger influence of capillary forces in the early stages of a tangentially loaded contact. Subsequently, during the partial slip phase, higher magnitude of frictional dynamics for PMMA could arise from the rate of breaking of the molecular bonds during the progressive failure of adhesion, which is akin to crack formation. Plasticization occurs over a longer time course and it is unlikely to play a direct role during the early transient phase of tactile exploration but the free exploration allowed in experiment 1 also took place on a longer time course than single swipes. Therefore, different plasticization dynamics might be responsible for the difference in discrimination performance between the two materials, which we observed in experiment 1. The strong effect of hydration of the fingertip could also influence the transmission of subtle frictional fluctuations through variations in skin damping.

The onset of slip received no attention until now since it was hitherto assumed that the tactile perception of materials relied predominantly on interactions taking place over extended periods of full slip. Classical studies of touch focus almost exclusively on rigid surface features without consideration of chemistry of the materials[@b26]. Our results suggest that other properties affecting frictional dynamics must be taken into consideration, and justifies the current shift toward studies involving naturalistic surfaces[@b27][@b28]. Moreover, recent reports of astonishing tactile discrimination performance with textured surfaces at the nanometre scale[@b29] could be explained, not by direct differences in topography among these surfaces, but rather by the impact that small scale features have on interfacial frictional dynamics.

Materials and Methods
=====================

The ethics committee on human research of Université catholique de Louvain approved the study (Virtual Prototyping of Tactile Displays, PROTOTOUCH-317100). All participants gave written informed consent. The investigation conformed to the principles of the Declaration of Helsinki and experiments were performed in accordance with relevant guidelines and regulations.

Participants
------------

Data were collected from 24 healthy volunteers (12 in experiment 1 and 12 in experiment 2) aged between 22 and 61. Participants were blindfolded and white noise was played at a comfortable listening level through headsets in order to mask auditory cues.

Materials
---------

The samples were made of ordinary glass (clear glass, Leroy Merlin, France) or of polymethyl methacrylate (PMMA) plates (Plexiglas^®^, ABP Beaumont plastique, France). Surfaces were perfectly flat. They were chosen for their differences in atomic structure and hydrophobicity. The topographical profiles were assessed with a digital holographic microscope (Lyncée Tec, Switzerland) to check the flatness and absence of topographic features (see [Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). The samples dimensions were 60 × 30 × 2 mm. According to findings from previous studies, the differences in the thermal properties of PMMA (heat capacity: 1460 j/kg, thermal conductivity: 0.2 j/m, Contact Coefficient: 0.6 10^3^ J/m^2^s^1/2^K) and glass (heat capacity: 837 j/kg, thermal conductivity: 0.78 j/m, Contact Coefficient: 1.3 10^3^ J/m^2^s^1/2^K) were insufficient to provide thermal cues for the discrimination of the samples or noticeable thermal changes to the fingertip[@b9][@b30][@b31]. Furthermore, the temperatures of the samples were kept equalised by bonding all triplets of samples to 10 mm thick aluminium blocks acting as heat sinks. The edges were protected with adhesive tape to prevent the participants from using them as a source of information. In experiment 1, the samples were warmed using an infrared heat lamp and thermocouples. The thermocouples were located under the plates (OS36, OMEGA engineering Inc.) and controlled by a thermo-controller (MICROMEGA CN77000, OMEGA engineering Inc.) in order to keep the temperature of the samples constant throughout the whole experiment and match the average temperature of the human fingertip. This procedure could not be implemented in experiment 2, because the setup for temperature control could not be combined with the force sensing plates used for the fine measurements of force dynamics.

General procedure
-----------------

The procedure was a forced choice task with three alternatives (3-AFC) where one sample differed from the other two ("odd-man-out"). This procedure was chosen because we did not have prior assumption of the relevant tactile information that could be used to discriminate the surfaces, and it encouraged the participants to search for any subtle differences. The participants washed their hands with commercial liquid soap and waited five minutes before starting the task in order to stabilize the frictional properties of the skin. Three randomly placed samples were presented to the participant (either two samples of PMMA and one sample of glass, or one sample of PMMA and two samples of glass). The participants explored the samples with the index finger of their dominant hand and reported which of the three samples differed from the others two. At the beginning of the experiment, the samples were cleaned with commercial cleaner for glasses (Si Clair, SI International, France) and checked for imperfections. They were additionally quickly cleaned with microfiber cloth every three trials. The performance of each participant was given by the percentage of correct answers and participants were asked about possible imperfections on the samples. An experiment comprised three blocks of fourteen trials. Before and after each block, the temperature of the samples and of the fingertip was assessed with an infrared thermometer (Raytek MI3-M, Raytek, USA). In experiment 2, the temperature values could not be collected for two participants because of a temporary unavailability of the recording device. The moisture level of the fingertip was also measured by averaging three repeated measures using a corneometer (CM 825, Courage + Khazaka electronic GmbH, Germany).

Force measurements
------------------

In experiment 2, the contact forces between the finger and the samples were recorded by a sensitive force sensing plate designed in-house on which the samples were clamped. The force plate measured the normal force components using two load cells (9313AA1, Kistler AG, Switzerland) and the tangential force component using one load cell (9217A, Kistler AG, Switzerland). The offset of the force plate was 1.0 mN for the tangential component of the force and 40 mN for the normal component. The signals were digitized at 10 kHz. The location of the fingertip contact on the plate was estimated by computing the position of the centre of pressure. The force transducer temporarily lost calibration during the study. As a result, the force data of two participants could not be analysed.

Analysis of the contact mechanics
---------------------------------

Detailed force analyses were performed on swipes for which the continuous motion on the surface was longer than one second and the exploration length was at least four centimetres. The continuous force measurements were segmented into single epochs corresponding to distinct phases within single swipes ([Fig. 2a](#f2){ref-type="fig"}). To express the variations in tangential force during each swipe, the tangential force component was smoothed using a moving average filter with a 0.25 s time constant, and then differentiated. The onset of exploration (t~0~) was defined as the instant when the normal force reached a value greater than the maximum noise level of the force plate (40 mN). This time point corresponds to the moment when the force sensor measures a significant increase of normal force due to the finger pressing against the surface. The end of the exploration (t~4~) was defined as the instant when the first derivative of the tangential force reaches its minimum. This corresponds to the moment when the participant begins unloading the finger from the surface. Three successive segments were then defined (loading phase, partial slip and full slip). The loading phase segment started at the onset of exploration (t~0~). During this phase, the fingerpad remained in static contact with the surface, and an accelerating increase in tangential force was observed. The transition between the loading phase segment and the partial slip segment was defined as the instant when the rate of the tangential force reached a maximum (t~1~), as this sudden change in tangential force dynamics was thought to result from the occurrence of partial slip between the fingerpad and surface. The transition from partial slip to full slip was defined as the instant (t~2~) when the derivative of the tangential force became smaller than its standard deviation (estimated in the interval \[t~1~, t~4~\]). This was justified by the fact that once the finger starts sliding steadily against the surface, the tangential force remains relatively constant, provided that both the normal force and the dynamic coefficient of friction stay constant. Finally, the end of the full slip segment was defined as the time point (t~3~) when the derivative of the tangential force became more negative than its standard deviation estimated in the interval \[t~1~, t~4~\]. This last time point marked the end of the phase during which the finger was steadily sliding against the surface. Since the speed of exploration varied between trials, the force data measurements were converted to the spatial domain[@b20]. After this transformation, the length of the full slip segments were further restricted to two centimetres of sliding in order to match their duration with that of the transient phases. Since averaging the Spatial Fast Fourier Transform (SFFT) over all swipes for each participant required using identical epoch for each swipe, we computed the t~0~, t~1~ and t~2~ values for each participant over all its swipes, turned them into spatial coordinates and used their median values to implement the participant's average SFFT of glass and PMMA.

Statistics
----------

The decision to use parametric or non-parametric statistical methods on given data sample was motivated by the D'Agostino and Pearson omnibus normality test, which we performed on all analysed samples using GraphPad Prism software.
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![Psychophysical measurements.\
(**a**) Performance at the task presented as Mean ± s.d. for experiment 1. (**b**) Performance at the task presented as Mean ± s.d. in experiment 2. (**c**) The mean difference of temperature between the fingertip and the samples plotted against performance for all participants of both experiments. (**d**) Mean moisture level of the fingertip plotted against individual performance for all participants of both experiments.](srep25553-f1){#f1}

![Trial segmentation and coefficient of dynamic friction.\
(**a**) The rate of change of the tangential force component enabled the extraction of the objective markers t~1~, t~2~, t~3~ and t~4~ (see Materials and Methods), which were used to define the different phases within a swipe: loading phase (t~0~-t~1~), partial slip (t~1~-t~2~) and full slip (t~2~-t~3~). (**b**) The coefficient of dynamic friction, Mean ± s.d., was not distinguishable between materials. The 10 pairs of symbols represent the glass (red) and PMMA (blue) values for each participant. Although the overall individual performance for both materials is identical for the two datasets, the data for glass are slightly shifted downwards for better visibility.](srep25553-f2){#f2}

![Analysis of the frictional fluctuations.\
(**a**) Comparison of the amplitude spectra of the tangential force component in the spatial domain. Linear regression gave parameters α and logβ. The differences Δα and Δlogβ between the mean spectra of the two materials were computed for all participants. (**b--d**) The differences in the frictional noise \|Δlogβ\| between glass and PMMA plotted for each phase against performance: (**b**) Partial slip. (**c**) Loading phase. (**d**) Full slip.](srep25553-f3){#f3}
